The small molecule thioflavin T (ThT) is a defining probe for the identification and mechanistic study of amyloid fiber formation. As such, ThT is fundamental to investigations of serious diseases such as Alzheimer's disease, Parkinson disease, and type II diabetes. For each disease, a different protein undergoes conformational conversion to a β-sheet rich fiber. The fluorescence of ThT exhibits an increase in quantum yield upon binding these fibers. Despite its widespread use, the structural basis for binding specificity and for the changes to the photophysical properties of ThT remain poorly understood. Here, we report the co-crystal structures of ThT with two alternative states of β-2 microglobulin (β2m); one monomeric, the other an amyloid-like oligomer. In the latter, the dye intercalates between β-sheets orthogonal to the β-strands. Importantly, the fluorophore is bound in such a manner that a photophysically relevant torsion is limited to a range of angles generally associated with low, not high, quantum yield. Quantum mechanical assessment of the fluorophore shows the electronic distribution to be strongly stabilized by aromatic interactions with the protein. Monomeric β2m gives little increase in ThT fluorescence despite showing three fluorophores, at two binding sites, in configurations generally associated with high quantum yield. Our efforts fundamentally extend existing understanding about the origins of amyloid-induced photophysical changes. Specifically, the β-sheet interface that characterizes amyloid acts both sterically and electronically to stabilize the fluorophore's ground state electronic distribution. By preventing the fluorophore from adopting its preferred excited state configuration, nonradiative relaxation pathways are minimized and quantum yield is increased.
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Alzheimer's | beta-2 microglobulin | Parkinson | TICT | photophysics T he conversion of a normally soluble protein into fibrillar aggregates is of central importance to a range of diseases including Alzheimer's disease, Parkinson disease, and type II diabetes (1) . Despite the involvement of distinct proteins in each of these conditions, the fibers formed share a common set of structural and biophysical properties, which define them as amyloid. Amyloid fibers are homopolymeric, noncovalent assemblies, which present morphologically as twisted sets of unbranched filaments. These filaments are composed of two or more β-sheets whose strands run in a direction orthogonal to the long axis of the fiber (2, 3) . This arrangement yields a characteristic cross-β pattern by X-ray diffraction, the presence of which represents the gold standard for unequivocal identification of amyloid structure (4, 5) .
As the routine use of diffraction has proven impractical for most mechanistic studies of amyloid assembly, a considerable fraction of the publication record relies in whole or in part on the use of benzothiazole dyes, most commonly thioflavin T (ThT) (Fig. 1A) . The breadth of their use includes histological, kinetic, imaging, and structural studies (6, 7) . ThT was first reported as a tool for detecting amyloid in ex vivo tissue samples in 1959, and this interaction was suggested to be highly specific for amyloid-like structures (8) . In later years, ThT was characterized biophysically, resulting in its broad acceptance as a defining characteristic for the presence of amyloid (9) . The changes in the fluorescent properties of ThTupon binding amyloid include a shift in its excitation spectrum and an increase in quantum yield (Fig. 1D , Inset, and Fig. S1 ) (9) . ThT in protic solvents principally absorbs at 340 nm with an emission maximum at 445 nm. Upon binding amyloid-like states, a peak at approximately 440 nm becomes dominant with the fluorescent emission maximum shifted to 480 nm. This is accompanied by a strong enhancement of the fluorescence. These changes are collectively referred to as a "ThT positive" state. Despite the extensive use of ThT as an indicator dye, the structural basis of its interactions with amyloid and amyloid-like states remains poorly understood (10) .
Recently, we reported the crystal structure of an amyloid-like oligomer of β-2 microglobulin (β2m) (11) . β2m is the 12 kDa light chain noncovalently associated with the Class I Major Histocompatibility complex (MHC) (12) . It directs proper folding and cell-surface expression of MHC. As part of normal cellular turnover, β2m is released to the serum and catabolized by the kidneys. In patients on long-term hemodialysis therapy, serum levels are elevated and β2m deposits as amyloid plaques. This conversion can be induced in vitro by exposure to Cu 2þ . Under such conditions, β2m self-associates to populate closed amyloid-like oligomers prior to mature fiber formation (13) . These nonfibrillar, amyloid-like states are ThT positive in solution yet are amenable to crystallization, providing a unique opportunity for structural analysis (11, 13) . In this work, we determine the crystal structures of ThT bound to both amyloid-like and nonamyloid states of β2m. These structures allow for an interrogation of the structural basis of ThT fluorescence enhancements as well as a direct comparison of the structures of ThT positive and negative states.
Results
In order to investigate the structural basis of ThT-amyloid interactions, we first prepared two sets of β2m crystals in the presence (β2m holo ) and absence (β2m apo ) of its metal ligand, Cu 2þ . β2m apo is monomeric and well behaved under physiological solution conditions. In contrast, the holo state undergoes conformational changes resulting in the formation of a hexameric species (11, 13) . Long-term incubation at 37°C results in aggregation of β2m holo but not β2m apo (14) . Both sets of crystals were prepared in the presence of 5 mM ThT. We then directly analyzed the fluorescence properties of the crystals. This was followed by a determination of the structures of these two states at atomic resolution.
Co-crystals of ThT : β2m holo show strong fluorescence intensity when compared to ThT : β2m apo . Crystals were imaged using both near-UV (340 nm) and blue (440 nm) excitation light to enable ratiometric measurements of fluorescence. Co-crystals of ThT : β2m holo show approximately 28-fold more intensity when excited at 440 nm than at 340 nm ( Fig. 1C and Fig. S2A ). In contrast, crystals of ThT : β2m apo displayed a more modest, approximately eightfold increase in relative intensity (Fig. 1D) . The magnitude of fluorescence enhancement can be compared to amyloid fibers prepared from human islet amyloid polypeptide (15) . These show a ratiometric increase in intensity of approximately 15 (Fig. 1B) . Negative control samples, including cross-linked aggregates of bovine serum albumin, generated ratiometric enhancements between 5 and 6, which was comparable to background (Fig. S2) . To eliminate the possibility of subjectivity, several sets of crystals and their images were collected in a single-blind format, with the identity of the crystals concealed from the experimenter. In these cases, ThT : β2m holo could be readily distinguished from ThT : β2m apo on the basis of its total intensity when illuminated at 440 nm. Thus, ThT responds to β2m holo in crystals in a manner that parallels what is observed for amyloid fibers. Furthermore, both β2m holo and β2m apo qualitatively parallel the published behavior of ThT:β2m interactions as monitored in dilute solution (Fig. 1D , Inset, and Fig. S1 ) (13) .
ThT is bound at an oligomeric, intersheet interface of two β2m holo molecules. The crystal structure of β2m holo consists of six monomers arranged in a ring. Three symmetric occurrences of each of two distinct interfaces mediate hexamer formation. ThT molecules reside at an intersheet interface formed by two, four-stranded β-sheets ( Fig. 2A) with the orientation of the long axis of ThT at a right angle to the β-strands (Fig. 3B) . Superposition of one chain (chain D) from the ligand bound structure solved here with the same chain from our deposited β2m holo structure (11) (chain D) gives an rmsd of 0.39 Å for the C α positions (Fig. 2B, Left) . Thus, only modest deviations occur at the main chain. Most alterations are apparent at side chains within the interface, notably Gln8, Tyr10, and Tyr26. The maximum change appears limited to a rotamer change in Tyr10, which results in a 2 Å shift in the position of the side-chain hydroxyl group (Fig. 2B, Left) . If instead, alignment is performed using one of the pairs of chains that form the ThT binding pocket (chains D and E), a C α rmsd of 0.69 Å is observed. In effect, chain E has moved approximately 1.5 Å away from chain D in comparison to our previously published structure (11) (Fig. 2B, Right) . The change in the respective C α positions reflects a simple increase in overall separation of the two subunits from one another in order to accommodate the fluorophore. We additionally note that the binding site is symmetric at this location. Indeed, two equivalent alternative conformations of ThTcan be modeled at this site with the benzothiazole ring stacking in parallel with one or the other of the Tyr10 residues ( Fig. 3A and Figs. S3 and S4A). For both conformations, it is clear that ThT is buried within a β-sheet interface whose structure requires only modest alteration to accommodate the fluorophore.
In β2m holo , the binding pocket of the benzothiazole ring is well defined and dominated by the side chains of Tyr10 and Tyr26. Contacts made by the benzothiazole ring include aromatic stacking with Tyr10 in a configuration that includes cation-π and π-π interactions (Fig. 3C ). While density for the benzothiazole ring is well defined, density for the dimethylaminobenzene portion of the fluorophore appears limited to a rotationally averaged contribution along the ϕ-axis ( Fig. 3A and Fig. S4A ). However, the fixed position of the benzothiazole ring necessarily restricts the location and orientations available to the dimethylaminobenzene ring. Rotation about the angle ϕ is the only available degree of freedom. Importantly, residues Gln8 from each of the protein chains have clearly defined density (Fig. 3B ), and these limit the range of angles available to this rotation. The dimethylaminobenzene ring can be modeled with ϕ values between 57°and 102°. Rotations greater than 102°, or less than 57°, result in steric clashes with the Gln8 side chains of the binding pocket (Fig. 3B) . Thus, we reason that the dimethylaminobenzene ring samples a disordered but narrow range of configurations as a consequence of bounded rotations about the carbon-carbon bond that defines the ϕ-axis.
The structure of β2m apo supports two distinct binding sites for ThT. Two copies of β2m, differing from each other by a C α rmsd of 1.2 Å, are present in the asymmetric unit of β2m apo (Fig. 4) . Within these co-crystals, the β2m molecules have adopted a configuration closely associated with other known apo forms of the protein.
Most notably, the β2m apo shows Pro32 to be in a cis-conformation, while in β2m holo it is trans-. In addition, Phe30 is a completely buried residue in β2m apo , while it is fully exposed in β2m holo . These differences are compatible with previous analyses (11, 16, 17) . One of the binding sites for ThT accommodates two fluorophores, which bind at a slight angle in relation to the backbone of the β-strands and reside at an interface between the two protein molecules in the asymmetric unit of the crystal (Fig. 4A) . The second site resides at a crystallographic interface formed from three molecules of β2m ( Fig. 4B-C) . In total, the ratio of ThT to protein in the apo state is 3∶2.
ThT stacks as an antiparallel dimer in the first binding site formed by β2m apo . The residues that define the position of the ThT dimer are the same as those seen in β2m holo , namely Tyr10, Tyr26, and Gln8 (rendering of Gln8 omitted in Fig. 4A for clarity). However, the orientation of the fluorophores relative to the β-sheet is not orthogonal. Instead, the ThT molecules cross the β-sheets of β2m at an approximately 25°angle. In addition, the dimethylaminobenzene ring is nearly parallel to the benzothiazole ring (ϕ ¼ 29) unlike the nearly orthogonal orientation adopted when binding to β2m holo . We further observe that the position of both rings of both ThT molecules are well defined. This is evident in the fact that density is resolved for the whole of the fluorophores (Fig. S4B ). Dimerization of ThT is an observation consistent with its amphiphilic nature. Amphiphile induced colloidal interactions have previously been reported as a possible origin for amyloid association (18) . Such structures can be expected to form from amphiphiles, and, indeed, the stacking conformation we directly observe here is one of four ways it has been suggested that two molecules of ThT might self-associate (19) . The second ThT binding site occurs at a crystallographic interface and makes contact with three symmetry-related β2m monomers (Fig. 4 B-C) . The dimethylaminobenzene ring of this ThT stacks with Trp60 of one β2m monomer, while the benzothiazole ring is sandwiched between the side chains of two different β2m monomers. Notable contacts include Asn42 and Arg81 (Fig. 4B ). This binding site is also well defined and yields a ThT internal geometry of ϕ ¼ ∼30°.
Discussion
In this work, we report the atomic structures of ThT bound to crystals of amyloid-like β2m holo and nonamyloid β2m apo . Our results clearly indicate that (i) there is an increase in the quantum yield of ThT measured directly in β2m holo crystals, while β2m apo crystals only show modest enhancement; (ii) ThT:protein interactions are stabilized in both β2m forms by stacking with aromatic amino acids; (iii) the two conjugated rings of ThT sample a disordered, albeit limited range of relative orientations in β2m holo . The same torsion angle in β2m apo is fixed; (iv) ThT binds to β2m holo in a direction orthogonal to the β-strands of the protein, while this is not observed in β2m apo . These key observations offer a comprehensive description of how ThT binds to macromolecules and how such interactions with amyloid states can give rise to its characteristic photophysical changes.
The observed structure of ThT in β2m holo is not compatible with existing descriptions of the origins of amyloid-induced increases in ThT quantum yield. The fluorescence of thioflavin T is strongly influenced by its conformational and electronic properties. The rings of ThT can be regarded as two rigid planes separated by a single bond about which rotation can occur (ϕ). The gas-phase minimum energy conformation of ThT is not coplanar (ϕ ¼ 0°). Rather, the N-methyl group of the benzothiazole ring gives a steric clash resulting in an optimal angle of ϕ ¼ 37° ( 20) . Upon absorption of a photon, ThT enters an electronic excited state. The calculated gas-phase minimum energy conformation in this excited state is ϕ ¼ 90° (Fig. 5A) . Within the con- formational ensemble of the excited state, the charge on the benzothiazole ring can either remain localized or delocalize over the combined ring system. The latter is calculated to occur for ϕ angles > ∼ 60°. This phenomenon, known as twisted intramolecular charge transfer (TICT), is relevant because the quantum yield of ThT in this state approaches zero (20) . Thus, ThT is only weakly fluorescent in free solution because after it absorbs a photon it proceeds to a state with a ϕ angle >60°. If conditions are such that rotation about ϕ is restricted by protein binding, or by solvent viscosity, then the time required to rotate to ϕ > 60°is greater than the lifetime of the excited state, and radiative decay occurs. Such fluorescence from conformations with ϕ < ∼60°is said to occur from a locally excited (LE) state. This is the generally accepted basis for the enhancement of ThT fluorescence for amyloids (7, (21) (22) (23) (24) . Intriguingly, the crystal structure of β2m holo with ThT is wholly at odds with this characterization because density for the dimethylaminobenzene ring is suggestive of a disordered range of ϕ angles, all of which are >60°. Aromatic interactions may be the origin for the observed increase in fluorescence of ThT bound to β2m holo crystals. In order to reconcile the observed increase in quantum yield of ThT with its apparent access to only nonradiative TICT states near ϕ ¼ 90°, we pursued quantum chemistry calculations. Gas-phase computation of ThTwas compared to ThT in the presence of the β2m holo binding pocket. The latter was represented by the four side chains that comprise an aromatic cage (i.e., two each of Tyr10 and Tyr26) and the two Gln8 side chains that limit ϕ to between 102°and 57°. In agreement with previous reports (25), we observe the minimum configuration of the first excited state in the gas phase to be at ϕ ¼ 90° (Fig. 5A) . The presence of the binding pocket causes the excited state of ThT to instead converge to a configuration at ϕ ¼ 65° (Fig. 5B) . Most remarkably, we observe that upon removing the Gln8 side chains from the calculation, ab initio excited state minimization results in a shift to ϕ ¼ 30° (  Fig. 5C) . Plainly, rotation of the dimethylaminobenzene group away from the in vacuo optimum at ϕ ¼ 90°is strongly driven by the aromatic interactions with the benzothiazole moiety and has minimal influence from contacts with Gln8. Thus, binding at the β2m holo interface has dramatically changed the conformational landscape of the excited state of ThT to one in which more planar, fluorescent conformations are stabilized. We note the general observation that aromatic residues are strong contributors to the amyloidogenicity of peptide sequences (26) . The enhanced propensity of amyloid formation by aromatic residues may therefore also yield interfaces that readily bind and stabilize the electronic distribution of ThT.
Charge stabilization may account for the increased quantum yield for ThT in β2m holo despite being bound with relatively unrestricted access to what are nominally TICT dark states at ϕ > 60°. In gas-phase calculations of the ground state at ϕ ¼ 37°, about þ0.3e of the þ1e overall charge on ThT is localized to the dimethylaminobenzene group (Fig. 5D) . The calculated gas-phase charge distribution for ThT held at ϕ ¼ 90°is significantly shifted such that the dimethylaminobenzene moiety bears slightly over þ1e while the benzothiazole group displays a slight negative charge. This coupling of charge transfer to rotational conformation is a well known characteristic of a class of fluorophores that includes ThT (25, 27) . ThTcan be held in its gas-phase optimum of ϕ ¼ 90°in the presence of the binding site without causing steric clash (Fig. 5D) . Remarkably, the intramolecular charge transfer apparent in vacuo is dramatically reversed: The charge on the dimethylaminobenzene ring decreases from þ1.03e to þ0.11e. Direct involvement of the tyrosine residues is evident in these calculations by the fact that charge delocalization includes redistribution of þ0.33e to one of the coplanar side chains of Tyr10. Protein-mediated charge stabilization continues to affect the electronic distribution of ThT at ϕ ¼ 65°: charge on the dimethylaminobenzene ring decreases from þ0.74e in vacuo to þ0.49e in the presence of the protein. In other words, the β2m holo binding site alters the charge distribution of ThT at ϕ ¼ 65°so that it more closely approaches that calculated for the fluorescent LE state at ϕ ∼ 25°. The importance of these changes in electronic distribution to fluorescent behavior is further illustrated by calculations of oscillator strength, a dimensionless quantity that reflects the strength of a radiative electronic transition. The oscillator strength of ThT increases from 0.0007 in vacuo to 0.14 in the presence of the protein at ϕ ¼ 90°. A further increase to 0.74 is calculated for ThT in the presence of the protein at ϕ ¼ 65°. These measures are in excellent agreement with the observation that the TICT state of ThT is radiatively silent while β2m holo -bound ThT is brightly fluorescent. Thus, proteinmediated stabilization of charge to the benzothiazole ring of ThT is the likely primary mechanism of fluorescence enhancement. Stabilization of charge may be a general contributor to amyloid-like induced changes to ThT fluorescence. For example, outer surface protein A (OspA) from Borrelia has recently been engineered to make cross β-like interactions in a soluble domain (7, 23) . This is made possible by the presence of a surface-exposed antiparallel β-sheet composed of eight strands. ThT gives an increase in fluorescence intensity in the presence of OspA variants, provided the variants include a collinear stack of at least four tyrosine residues (7, 24) . Despite reported attempts and the observation that crystal quality is improved by the inclusion of ThT, electron density could not be observed for the fluorophore. We surmise that ThT is bound in OspA in a manner similar to what we directly observe here in β2m holo , i.e., the dimethylaminobenzene ring of ThT is disordered when bound to OspA and that its charge localization is stabilized by aromatic and cation-π interactions in the binding pocket. Visible wavelength CD of these complexes are also reported to have marked negative ellipticity at approximately 420 nm. This is calculated to derive from a twisted conformation about ϕ (28). This observation has been reported for amyloid fibers formed from insulin (29) as well as the fungal prion protein HET-s (30). To be clear, rotational mobility is not essential to this mechanism. Rather protein binding can stabilize conformations of ThT where ϕ may be greater than 60°. Such binding events must also include contacts that stabilize charge in order to minimize TICT relaxation pathways.
β2m apo : ThT co-crystals show a modest increase in fluorescence intensity that is consistent with a rigid fluorophore environment being the origin of enhanced quantum yield. The three ThT molecules in the two sites all show well defined density resulting in ϕ-angles of 29°. This is close to the calculated low energy conformation (20) . Furthermore, the B-factors for these ThT molecules are closely similar to those of the core backbone atoms of the protein. These observations strongly suggest a rigid environment. This can be compared to observations that show increased quantum yield for ThT in viscous solvents such as glycerol (21) . Greatly enhanced fluorescence is also seen in the only other crystal structure of protein-bound ThT. The protein acetylcholinesterase from electric eel binds ThT in a nonamyloid binding pocket that also renders the fluorophore rigid (22) . These authors modeled the two-ring system as coplanar, although modest angles < ∼ 20°also appear compatible with the deposited structure factors. A total of five aromatic groups form the binding pocket. Thus, stabilization of ThT near its ground state conformation is sufficient for fluorescence enhancement. For the β2m apo : ThT complex, one of the two ThT sites contains two ThT molecules stacked colinearly. This binding mode is suggestive of either the presence of an excimer (31) or alternatively results in autoquenching. We do not observe significant red shifts in emission wavelength that might be attributed to the formation of an excimer (Fig. S1) . We note that a single cation-π interaction between one of the Tyr10 residues and one of the ThT molecules in the stack is present (Fig. 4A) . Given the absence of fluorescence intensity enhancement (Fig. 1D) , it is most likely that this pair of ThT molecules in the β2m apo structure is quenched.
The use of ThT is widespread in structural and mechanistic studies of amyloid formation. Changes in its intensity are used not only as a qualitative indicator of amyloid but also as a quantitative measure of amyloid formation. Extents of conversion are used, for example, in assessing mutational or small molecule inhibition effects. Here we have shown that the key features of ThT binding to an amyloid-like state include monomeric intercalation within β-sheets at an angle orthogonal to the β-sheet axis as well as stabilization of the fluorophores's electronic distribution. The former is consistent with changes observed in diffraction of insulin fibers in the presence and absence of ThT (19) as well as assessment of ThT polarization from mechanically oriented insulin fibers (32) . Electronic stabilization can result from structural rigidity. We find that rigidity such as that observed in β2m apo is sufficient, but not necessary, for ThT fluorescent enhancement. Instead, we have observed direct interactions of the charge on ThT with the β2m holo binding pocket. The quantum yield of ThT is well known to be variable among different proteins. Here, we have shown that this variability derives from a rich structural complexity that can include steric hindrance, electronic stabilization, and autoquenching. Our hope is that this and subsequent insights will lead to a depth of understanding that permits fluorescence enhancement of ThT by amyloids to be delineated from amyloid-like and from nonamyloid (false-positive) binding modes. Moreover, rational design of ThT derivatives may allow greater selectivity and/or sensitivity to amyloid states. Such approaches will enable ThT to move beyond its role of simply serving as a qualitative indicator of amyloid formation. Instead, ThT and its descendents can hope to report on the specifics of local structural and motional properties of this important protein state.
Materials and Methods
Materials. Buffers, salts, and ThT were obtained from Sigma, Aldrich, J. T. Baker, American Bioanalytical and Acros. Cloning and expression cell lines were obtained from Stratagene and Novagen. Islet amyloid polypeptide was synthesized by standard t-Boc methods and purified by the W.M. Keck facility (New Haven, CT). Lipids for Nanodiscs were acquired from Avanti Polar Lipids and scaffold protein MSP1D1 was kindly provided by Stephen G. Sligar (University of Illinois, Urbana-Champaign).
Crystallization. Crystals of the H13F construct of β2m holo and β2m apo were obtained by sitting-drop vapor diffusion as previously described (11) except for the addition of 5mM ThT. Crystals were frozen in liquid propane with 5 mM ThT, 20% glycerol, 50 mM diammonium tartrate and 22.5% PEG 3350. Diffraction data were collected at the NECAT beamline ID24 at the Advanced Photon Source (Argonne, IL) and the Brookhaven National Lab beamlines X29 and X25 (Upton, NY).
Structure Determination. The β2m holo crystals belong to space group P2 1 2 1 2 and diffracted to 2.7 Å resolution. The structure was determined by molecular replacement using the coordinates from a hexamer β2m structure (PDB ID: 3CIQ) (11) . The program Phaser (33) was used for the molecular replacement. The asymmetric unit contains six β2m molecules arranged in a hexamer as a trimer of dimers. After rigid body and restrained refinement in Refmac5 (34) , and rebuilding using Coot (35), the density for ThT was clearly visible in the F o − F c difference electron density map before its inclusion in the model (Fig. S4) . The electron density was further improved by sixfold averaging using DM (36) . ThT was then fit into the density map and iterative cycles of model building and refinement were carried out using Refmac5 and Phenix (34, 37) . The intrinsic symmetry of the hexamer gives rise to alternative, equivalent conformations of ThT binding at each dimer interface, which were built and refined with 50% occupancy each (Fig. S3 ). The final model has an R/R-free factor of 23.9∕25.6%. The data and refinement statistics are summarized in Table S1 . Coordinates have been deposited with the PDB accession code 3MZT.
The β2m apo crystals belong to space group P2 1 and diffracted to 1.6 Å resolution. The structure was solved by molecular replacement using coordinates from a monomer β2m structure (PDB ID 1KPR) (16) . The asymmetric unit contains two copies of β2m. Refinement and rebuilding of β2m apo was similar to that of β2m holo described above, which were performed until the ThT density was clearly visible in the F o − F c difference electron density map before its inclusion in the model (Fig. S4) . This structure reveals the pre-sence of two binding sites for ThT, which accommodate a total of three molecules of ThT. The final model has an R/R-free factor of 18.6∕22.1%.
The data and refinement statistics are summarized in Table S1 .
Imaging. Crystals were imaged using an IX71 inverted microscope (Olympus, Center Valley, PA) coupled to an X-Cite 120 lamp (Exfo, Mississauga, ON). Crystals were illuminated through either a 340∕10 (near-UV) excitation filter (Thorlabs, Newton, NJ) or a 440∕20 (blue) excitation filter (Chroma, Brattleboro, VT), and fluorescence was collected through a 490∕40 emission filter (Chroma) using an iXon EMCCD camera (Andor, South Windsor, CT). All images were collected with identical lamp power, gain, and exposure settings for a given excitation filter, enabling quantitative comparisons of ThT intensity. To circumvent low signal-to-noise in the near-UV images (a function of instrumental lamp power and detector efficiency at the wavelengths involved), we obtained ratiometric estimates of ThT fluorescence enhancement for each sample by integrating fluorescence from the same 16 x 16-pixel area under separate blue and near-UV excitation and dividing the former by the latter.
Computational Methods. Ground state geometries and energies were calculated by ab initio RHF (restricted Hartree-Fock) methods implemented in the GAMESS (US) package (38) using the 3-21G basis set. Excited state geometries and energies were calculated using the configuration interaction with singles (CIS) method, also using the 3-21G basis set. The CIS/3-21G/RHF method represents a good compromise between rigor and computational cost for the geometry optimization of large systems such as ThT within the β2m holo binding site.
The geometry of ThT in the first excited state was optimized in the gas phase to generate the ϕ ¼ 90°state. This conformation was then aligned with the coordinates of ThT bound at the interface of chains D and E of the β2m holo crystal structure. The system for ab initio calculations consisted of ThT and the side-chain atoms of residues Gln8, Tyr10, and Tyr26 of both protein chains. All six residues were truncated at their β-carbons, which were represented by methyl groups, and hydrogen atoms were added as necessary. Constrained geometry optimization was then performed, wherein all atoms of ThT and hydrogen atoms of the protein were allowed to relax while protein heavy atoms were frozen. Charge distributions based on the Löwdin population analysis (39) and oscillator strengths for states of interest were calculated as implemented in GAMESS.
